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1 ??????????????????
?????????????????????????????????????????????????
???????????????
1.1 ?????????????????????????
?????????????????????????????????????????????????
???????????????????????????? S4????? Kripke????????????
?????????
??????????????????????????????????????????????????
?????(????????? 2??????????????????????????????)
• ???????????????
– ??????
∗ ?????
· ???????⋎?⋏
· ???????
A?B???????????????????
∗ ?????∧?∨?⊃?¬
∗ ?????)?(?→?,
– ?????? terminal symbol????
1. ???? 1????????????????????????????? terminal symbol??
????
2. A? B????????A ∧ B? A ∨ B? A ⊃ B? ¬A???????????? terminal
symbol??????∧?∨?⊃?¬????
3. ???????????????????????????????
∗ ???????????????????????????
????????? S4????? Kripke?????????????????????(??????∧̂??
?∨̂???⊃̂???¬̂???∀̂???∃̂?????????????????????????????)
• S4????? Kripke?????????????
– S4???? FS4?2??? T????? V ??M =?FS4, T ,V??????????? S4????
? Kripke???????????
∗ FS4 ?????W???????R???W,R?????
· W = {wa, wb, ...}
· R??????????????W ?? 2???????
∗ T = {true, false}
∗ V =W × P −→ T
· ??? P ?????????????????
· ???∀̂wx(V(wx,⋎) = true)∧̂∀̂wx(V(wx,⋏) = false)
– ??S4?????Kripke???M′???W????wa???????D???????M′, wa |=
D????
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∗ D?????????
M′, wa |= D⇔ ∀̂wx(waRwx⊃̂V(wx,D) = true)
∗ D? A ∧B????????
M′, wa |= D⇔M′, wa |= A∧̂M′, wa |= B
∗ D? A ∨B????????
M′, wa |= D⇔M′, wa |= A∨̂M′, wa |= B
∗ D? A ⊃ B????????
M′, wa |= D⇔ ∀̂wx(waRwx⊃̂(¬̂M′, wx |= A∨̂M′, wx |= B))
∗ D? ¬A????????
M′, wa |= D⇔ ∀̂wx(waRwx⊃̂¬̂M′, wx |= A)
– ????????
??????????D?????
⇔???M?????∀̂wx(M, wx |= D)
????? S4????? Kripke??????????????????????????????????
??????????????????????????????????? A ⊃ A????????????
???????
? ?????????? A ⊃ A ?????
⇔ ???M ?????̂∀wx(M, wx |= A ⊃ A)
⇔ ???M ?????̂∀wx(∀̂wy(wxRwy⊃̂(¬̂M, wy |= A∨̂M, wy |= A)))
⇔ ???M ?????̂∀wx(∀̂wy(wxRwy⊃̂(¬̂∀̂wz(wyRwz⊃̂V(wz, A) = true)∨̂∀̂wv(wyRwv⊃̂V(wv, A) = true))))
??????????????????? A ⊃ A?????????????? S4????? Kripke???
M??????????M???W ???? wx??????wx???????????? wy ?????wy
????????????????? A???? true?????????wy ????????????? A?
??? true?????????????????????????
?????????????????????????????????????
• ?????????
???D???? C??????????????? C???????????????????????
1. C?????????D? C???
2. C? A ∧B??? A ∨B??? A ⊃ B????????D? C???????A????????
???????B???????????
3. C? ¬A????????D? C???????A???????????
???????????? A ⊃ A?????????????????????????A ⊃ A??????
??????? A???????????? A???????????A ⊃ A??????????W ???
??????????????????????????????????????????????????
?????????A ⊃ A??????????? (?????????)???????S4????? Kripke
????????????????????????????? (?????????????????????
???????????????????????????)???????????
?????????????A ⊃ A???????????? S4?????Kripke???????????
???????????????????????????????????????????????????
???????????????????????????????????????????????????
??????????????????????????? (????????)??????????????
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?????????????????????????????????????????????? S4???
?? Kripke????????????????????????????
?????????????????????????????????????????????????
????????????????????? S4????????????????????????????
??????????????????????????????????????????????????
??????????????????????
1.2 ?????????????????
?????????????????????????????????????????????????
??????? S4????? Kripke?????????????????????????????????
??????????????????????
??????????????????????????????????????????????
• ????????????????
– 2??? T????? V ??M =?T ,V?????????????????????????
∗ T = {true, false}
∗ V = P −→ T
· ??? P ?????????????????
· ???V(⋎) = true∧̂V(⋏) = false
– ????????M′ ??????? D???????M′ |= D????
∗ D?????????
M′ |= D⇔ V(D) = true
∗ D? A ∧B????????
M′ |= D⇔M′ |= A∧̂M′ |= B
∗ D? A ∨B????????
M′ |= D⇔M′ |= A∨̂M′ |= B
∗ D? A ⊃ B????????
M′ |= D⇔ ¬̂M′ |= A∨̂M′ |= B
∗ D? ¬A????????
M′ |= D⇔ ¬̂M′ |= A
– ????????
????????D?????⇔???M?????M |= D
??????????????????????????????????????????????????
????????????????????????????A ⊃ A????????????????????
? ???????? A ⊃ A?????
⇔ ???M?????M |= A ⊃ A
⇔ ???M?????̂¬M |= A∨̂M |= A
⇔ ???M?????̂¬V(A) = true∨̂V(A) = true
????????????????? A ⊃ A????????????????????M????????A
???? true?????????A???? true?????????????????????????
?? S4????? Kripke?????????????????????????? A ⊃ A???????
???????????????????????????????????????????????????
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A ⊃ A???????????????????????????????????????????????
????????????????A ⊃ A????????????? A????? A??????????
?????????? A ⊃ A?????W ???????????????????????????????
?????????????? A ⊃ A??????????????? (????????????????1))
??????????????????????????????????????????????????
??????????????????????????????????????????????????
?????????????????????????????????????????????????
??????????????????????????????????????????????????
????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
?????????????????????????????????
1.3 ????? S5?????Kripke?????????
????????????????????????????S5????? Kripke???????????
????????????????????????????? S4?????Kripke???? FS4? FS5??
???????????????????FS5 ????W??????? R???W,R????????? R
?????????????????? 3????????W ?? 2???????M′, wa |= D??????
????????????S4????? Kripke?????????????????????????
??????????????? S5????? Kripke????????????????????????
??????????????????????????A ⊃ A??????????????????????
? ???????? A ⊃ A ?????
⇔ ???M ?????̂∀wx(M, wx |= A ⊃ A)
⇔ ???M ?????̂∀wx(∀̂wy(wxRwy⊃̂(¬̂M, wy |= A∨̂M, wy |= A)))
⇔ ???M ?????̂∀wx(∀̂wy(wxRwy⊃̂(¬̂∀̂wz(wyRwz⊃̂V(wz, A) = true)∨̂∀̂wv(wyRwv⊃̂V(wv, A) = true))))
??????????????????????????????????????? A ⊃ A???????
??????????????????????????????????????????????????
??????S4?????Kripke????R????????S5?????Kripke????R??????
?????????????????????W ????R???????????????????????
????????????????????????????????W ?R???????????????
??????????????????????????????????????????????????
???? S5?????Kripke???????????????? A ⊃ A??????????????R??
??????????????????????????????????????????????????
???wx ? wy ? wz ? wv ??????W ??????????????????????????????
??????????????????????????????
?????????????????????????????????????????????????
???????????????????????????????
1.4 ??????????????????
?????????????????????????????????????????????????
??????????????????????????????????????????????????
1)????????????????????????????? S4 ????? Kripke ??????W ??????????? R ?
????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????
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??????????????????????????????????????????????????
?????????????????????????????????????????Kripke??????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????
?????????????????????????????????????????????????
??????????????????????????????????????????????????
????????????
?????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????Gentzen???????????????????????????????????????
??????? (?????????????)?????????????????????????????
?????????????????? (?????????????)??????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????????????????????????????????
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2 ?????????????
?????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????
2.1 Gentzen????????????????????????????
??????????????????????????????????????????????????
??????????????? 1???????????????? Gentzen??????????????
???????????????????????????????????????????????Gentzen
????????????????????????????????? Gentzen?????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????????????????????????????????????????????????
???? Gentzen??????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????
2.1.1 Gentzen?????NJ?NK?LK?LJ
Gentzen??? [5]?????????????????? 2??????????????????????
???????? sequent??????????? [5]??????????????????????????
???????????????????? 2?????????????????????????????
???NJ??????????????????????NK?sequent?????????????????
?? LK?sequent????????????????????? LJ ???????????????????
?????NJ?NK?LK?LJ ????????????
1. NJ?NK ????
• ???
– ??????????
A1 ? An
B
(if)
??????????????A1, ...,An???????????B????? if???????
????????????????????
– ?????D1, ...,Dn ???? E???????????????????
(a) ???? 1????? E??????????????? E???? E?????????
??????
(b) pi1 ?????? D11 , ...,D1m ???? E1 ?????????????????pin ????
??Dn1 , ...,Dnm′ ???? En ???????????????
E1 ? En
E
(if)
???? n????????????????
pi1 ? pin
E
(if)
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??????D11 , ...,Dnm′ ???? E???????????????
(c) ????????????????????????????D1, ...,Dn???? E????
???????????
• NJ ????
– ?????
A ∧B
A
(∧-E) A ∧B
B
(∧-E) A B
A ∧B (∧-I)
A
A ∨B (∨-I)
B
A ∨B (∨-I)
A ∨B
[A]
....
C
[B]
....
C
C
(∨-E)
A ⊃ B A
B
(⊃-E)
[A]
....
B
A ⊃ B (⊃-I)
[A]
....
⋏
¬A (¬-I)
¬A A
⋏ (¬-E)
⋏
D
(⋏)
????
∗ ??????????????????????????????
∗ ???????
D....
E
??????????????D???? E??????????????????
∗ (∨-E)??? (⊃-I)??? (¬-I)??????[??]?????????????????????
??????????????????????????????????????????
????????????? (∨-E)?????? A?????????? A???? C??
???????????????????????????(∨-E)?B????????
∗ (⊃-I)?????A????????????B????????????????????
?????????????
• NJ-???????????????????NJ ????????????0??????????
? A????????????????A???NJ-???????
• ???????????????????????? A?????
A????????????????????⇔ A???NJ-?????????
• NK ????
– ?????
NJ ???????????????
¬¬A
A
(¬¬-E)
??????????????
• NK-???????????????????NK ????????????0?????????
?? A????????????????A???NK-???????
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• ?????????????????????? A?????
A????????????????⇔ A???NK-?????????
2. LK?LJ ????
• ???
– sequent????
?A1, ...,Am???B1, ...,Bn??????????????,???????? (????)???
???????A1, ...,Am → B1, ...,Bn?(???m ≥ 0, n ≥ 0)? sequent????2)
???sequent A1, ...,Am → B1, ...,Bn ????????? → ?????????????
A1, ...,Am??? sequent?????????????→?????????????B1, ...,Bm
??? sequent???????
– sequent????????
S1
S (if) ???
S1 S2
S (if
′)
??????????????S1 ? S2 ?????? sequent??S ????? if(??? if′)?
???????????????? sequent????????????????????????
??? sequent?????????????????????????? sequent???????
???????????????? 2???????????????????????????
??????????????
– ?? S1, ...,Sn ???? S ??? sequent??????????????
(a) ???? 1?? sequent S ???????????? S ???? S ??? sequent?????
?????
(b) pi1 ??? S11 , ...,S1n ???? S1 ??? sequent??????????
S1
S (if
∗)
???? 1????????????????
pi1
S (if
∗)
??? S11 , ...,S1n ???? S ??? sequent??????????
(c) pi1??? S11 , ...,S1n ???? S1??? sequent??????????pi2??? S21 , ...,S2n′
???? S2 ??? sequent??????????
S1 S2
S (if
∗)
???? 2????????????????
pi1 pi2
S (if
∗)
??? S11 , ...,S2n′ ???? S ??? sequent??????????
(d) ????????????????????????? S1, ...,Sn ???? S ??? sequent
??????????
– D-sequent????
sequent???? S1, ...,Sn ???? S ??? sequent???????????????????
???????? sequent? D-sequent????
2)sequentA1, ...,Am → B1, ...,Bn ??????? A1, ...,Am ?????????????????? B1, ...,Bn ???????? 1
???????????????????????????
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– path????
??S1, ...,Sn????S??? sequent?????? pi?D-sequent??Γ1 → Θ1, ...,Γm → Θm
?????? n(??? 1 ≤ n < m)????Γ1 → Θ1 ? Γn+1 → Θn+1 ??????????
????????????? Γ1 → Θ1 ????????? Γm → Θm ???????????
D-sequent?? Γ1 → Θ1, ...,Γm → Θm ? pi???? path???????
– ?????????
?? S ′1, ...,S ′n′ ???? S ′ ??? sequent?????? pi′ ??? S1, ...,Sn ???? S ???
sequent????????????????????? pi??????????????????
?????
(a) pi????? 1?? sequent????????????pi′ ? pi???
(b) pi?
pi1
S (if
∗)
????????pi′ ? pi???????pi1 ???????????
(c) pi?
pi1 pi2
S (if
∗)
????????pi′? pi???????pi1???????????????pi2??????
?????
• LK ????
– ???
A→ A
– ?????
∗ ???????????
Γ→ Θ
D,Γ→ Θ (w →)
Γ→ Θ
Γ→ Θ,D (→ w)
∆,D,E,Γ→ Θ
∆,E,D,Γ→ Θ (ex→)
Γ→ Θ,E,D,Λ
Γ→ Θ,D,E,Λ (→ ex)
D,D,Γ→ Θ
D,Γ→ Θ (c→)
Γ→ Θ,D,D
Γ→ Θ,D (→ c)
Γ→ Θ ∆→ Λ
Γ,∆∗ → Θ∗,Λ (cut?D)
∗ ?????????????
A,Γ→ Θ
A ∧B,Γ→ Θ (∧ →)
Γ→ Θ,B
Γ→ Θ,A ∨B (→ ∨)
B,Γ→ Θ
A ∧B,Γ→ Θ (∧ →)
Γ→ Θ,A
Γ→ Θ,A ∨B (→ ∨)
A,Γ→ Θ B,Γ→ Θ
A ∨B,Γ→ Θ (∨ →)
Γ→ Θ,A Γ→ Θ,B
Γ→ Θ,A ∧B (→ ∧)
Γ→ Θ,A
¬A,Γ→ Θ (¬ →)
A,Γ→ Θ
Γ→ Θ,¬A (→ ¬)
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Γ→ Θ,A B,∆→ Λ
A ⊃ B,Γ,∆→ Θ,Λ (⊃→)
A,Γ→ Θ,B
Γ→ Θ,A ⊃ B (→⊃)
????
· ??????????????????????????????
· ???????????????? 0??????????????????????
· cut?????Θ????D? 1????????????????Θ∗?Θ??D???
????????????????????Λ? Λ∗???????????Θ??? Λ?
????????D? cut formula????cut?????????? cut formula???
cut?????????3)
· ????????????????????????????????????? principal
formula????
• LK-?????????????? LK ????????????????????? LK ????
?????????? S1, ...,Sn ???? S ??? sequent???????????S ??????
LK-???????
• ?????????????????????? A?????
A??????????????????⇔→ A?????? LK-?????????
• LJ ????LK ??????????? sequent??????????????????????1
????????????????
• LJ-?????????????? LJ ????????????????????? LJ ?????
????????? S1, ...,Sn ???? S ??? sequent???????????S ??????
LJ-???????
• ???????????????????????? A?????
A????????????????????⇔→ A?????? LJ-?????????
2.1.2 ???????????
??????????????????????????????????????????
???????????? 2????????????????????????????????????
Gentzen???????????????????????????????????????????????
???????????????????????????????????????????????????
???????Gentzen???????????????????????????????????? sequent
????????????[5]? Page 177????????????????????Hauptsatz???????
?????????????????????????
3)?? [5] ???cut ????????
Γ→ Θ,D D,∆→ Λ
Γ,∆→ Θ,Λ (cut?D)
?????????????????? cut ????????????mix ????????? cut ?????????????????
....
Π→ Σ,D
....
D,Ψ→ Ω
Π,Ψ→ Σ,Ω (cut : D)
????????
....
Π→ Σ,D
....
D,Ψ→ Ω
Π,Ψ∗ → Σ∗,Ω (mix : D)
Π,Ψ→ Σ,Ω (w →)s/(ex→)s/(→ w)s/(→ ex)s
?????????????????? mix ??????????????????? cut ?????????????????????
??????? LK ? cut ???? [5] ? mix ?????????
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Um ihn(=Hauptsatz) in bequemer Form aussprechen und beweisen zu ko¨nnen, mußte ich einen
besonders dafu¨r passenden logischen Kalku¨l zugrunde legen. Hierzu erwies sich der natu¨rliche Kalku¨l
nicht als geeignet.
Hauptsatz????????????????????????????????????????
??????????????????????????????????????????(??)
• ???????(=Hauptsatz)??????????????
?????????????????????????????????????????????????
????????????? A ⊃ A??????NJ-????????????????
[A??]
A ⊃ A (⊃-I) [A]
A?? (⊃-E)
A ⊃ A (⊃-I)
???????NJ-????????????????????????????A????A???????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
?????????????????????????????????NJ-?????????????
[A]
A ⊃ A (⊃-I)
???????????????????????????????????????????????????
?????? 1???????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????? 1??????????? 1??
??????????????????????2????????????????????????????
??????????????????????????????????????????????????
??????????????????????????? ⊃??????????????????????
??????????????????????????????????????????????????
?????????????
[(¬A ∨B) ∧A]
¬A ∨B (∧-E)
[¬A] [A]
⋏ (¬-E)
B
(⋏)
A ⊃ B (⊃-I)
[B]
A ⊃ B (⊃-I)
A ⊃ B (∨-E)
[(¬A ∨B) ∧A]
A
(∧-E)
B
(⊃-E)
((¬A ∨B) ∧A) ⊃ B (⊃-I)
????? NJ-??? (?? pi1 ???)????????????????????????????????
??????????????????????????????????????????????????
?????????? pi2 ??????
[(¬A ∨B) ∧A]
¬A ∨B (∧-E)
[¬A]
[(¬A ∨B) ∧A]
A
(∧-E)
⋏ (¬-E)
B
(⋏)
[B]
B
(∨-E)
((¬A ∨B) ∧A) ⊃ B (⊃-I)
?????????pi2????????? (⋏????)???????????????????????pi1?
? (⋏???)??????????????? A ⊃ B ???????????????? pi2 ????????
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?????????????????⋏?????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
?????????????? 1??????????????????? (???????????????
???)???????????????????????????????????????????????
???????????????????????????????????????pi1 ??????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
????????????????????
??????????????????????sequent?????????????????????????
?? sequent?????(???????????????????????????????????????
?????)??????????????????? cut???????????????? sequent????
??????????????cut????????????? cut????????????????????
??????cut??? sequent????????????? cut????? sequent????????????
??? sequent????????????????? sequent?????????????????? cut???
???????????? sequent????????????? sequent → A ⊃ A?????? LJ-?????
???????????
A→ A
A,A→ A (w →)
A→ A ⊃ A (→⊃)
A→ A A→ A
A ⊃ A,A→ A (⊃→)
A,A→ A (cut?A ⊃ A)
A→ A (c→)
→ A ⊃ A (→⊃)
???????????????????? (→⊃)????????????????????????????
? LJ-???????? cut????????????
A→ A
→ A ⊃ A (→⊃)
??????????????????????????????????????????? sequent????
??????????????????????????????????cut? 1?????????????
???????????? cut?????????????????????????????????????
?? [5]? cut?????????????cut??????????? cut????????????????
??????????????????????????????????cut?????? LK(??? LJ)-?
???????????????? cut???????? LK(??? LJ)-?????????????????
??????????????????????????????
2.1.3 Gentzen? cut????
[5]?? cut????????????????
cut? 1??????????? LK(??? LJ)-??? pi?????????? pi?? cut????????
??????????????????????????
1. pi??????????cut??????????? cut????? 1????????????????
???? pi? ??????
2. ???? (???? Hauptsatz???????????)????pi? ???? (pi?)′ ????
3. pi? pi? ? (pi?)′ ???????
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4. ?? (a)?? (d)????????????
• Hauptsatz????
cut??????????????? 1?? cut??????????????????? pi????pi?
??????? cut(??? cut)???????? pi′ ??????4)???????
Hauptsatz?????cut???????????????Hauptsatz?????induction value??? ν ? ρ
? 2???????????????????????????????????????cut?????????
?????? 1?? cut???????? (cut??????)?????? pi(???????????????
????Q????????)???????????????
• ν?pi? cut? cut formula??????????????
• ρ = ρl + ρr
– ρl?pi ? cut??????? cut formula??????? path?????? cut formula??? path
???
– ρr?pi? cut??????? cut formula??????? path?????? cut formula??? path
???
??????Q????????????????????? pi? ν ? ρ??? 2?????????????
???????????ν? ρ???ν???????????????????Q???? 2????????
????????induction value????????????? ν ???????????????????? ν
???????? ρ??????????????????????????induction value????? <̂??
(ν, ρ)<˜(ν′, ρ′)⇔ ((ν < ν′) ∨ ((ν = ν′) ∧ (ρ < ρ′)))
???????
Hauptsatz???????? Q?????????? pi ????????????????? cut?????
??? pi??? induction value???? cut?????????????????? pi′ ?? pi???????
? (?? cut???????????????????)?????????? pi???????5)??????
????
??????????????? cut?????????????????????????????????
? (???????????????????? A???????????)?????????? pi?????
???? pi′ ??????????????1.3.1:ρ = 2????cut????????????????cut???
?? (→ w)????????pi??
....
Γ→ Θ
Γ→ Θ,A (→ w)
....
∆→ Λ
Γ,∆∗ → Θ,Λ (cut?D)
??????????????? pi′ ??
....
Γ→ Θ
Γ,∆∗ → Θ,Λ (w →)s/(ex→)s/(→ w)s
??????????? cut????????????
4)??????????????????????? N2 ?????? <˜ ???????????????????????
5)?????????? A ??????????????????? [5] ?????????????????????????????
?? [5] ??????????? [5] ???????????????????????????
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????1.3.3.1:ρ = 2????cut????????????????cut formula? principal formula????
cut formula? terminal symbol? ∧?????pi??
....
Γ1 → Θ1,A
....
Γ1 → Θ1,B
Γ1 → Θ1,A ∧B (→ ∧)
....
A,Γ2 → Θ2
A ∧B,Γ2 → Θ2 (∧ →)
Γ1,Γ2 → Θ1,Θ2 (cut?A ∧B)
??????????????? pi′ ??
....
Γ1 → Θ1,A
....
A,Γ2 → Θ2
Γ1,Γ
∗
2 → Θ∗1,Θ2
(cut?A)
Γ1,Γ2 → Θ1,Θ2 (w →)s/(ex→)s/(→ w)s/(→ ex)s
?????????????? cut???????? cut? ν ? pi? cut? ν ????(B??????????
????) + 1??????????Γ1,Γ∗2 → Θ∗1,Θ2?????????????????????cut????
?????????
????2.1.2.3.2.1:ρ > 2????ρr > 1????cut formula? cut????????????cut?????
?????????? (∨ →)????principal formula? cut formula???????pi??
....
Π→ Σ
....
A,Γ→ Θ
....
B,Γ→ Θ
A ∨B,Γ→ Θ (∨ →)
Π,Γ∗ → Σ∗,Θ (cut?A ∨B)
??????????????? pi′ ??
....
Π→ Σ
....
Π→ Σ
....
A,Γ→ Θ
Π,A,Γ∗ → Σ∗,Θ (cut?A ∨B)
A,Π,Γ∗ → Σ∗,Θ (ex→)s
....
Π→ Σ
....
B,Γ→ Θ
Π,B,Γ∗ → Σ∗,Θ (cut?A ∨B)
B,Π,Γ∗ → Σ∗,Θ (ex→)s
A ∨B,Π,Γ∗ → Σ∗,Θ (∨ →)
Π,Π,Γ∗ → Σ∗,Σ∗,Θ (cut?A ∨B)
Π,Γ∗ → Σ∗,Θ (ex→)s/(c→)s/(→ ex)s/(→ c)s
?????????????? cut? 3??????pi′??? 2?? cut??????pi??? ρr? 1?????
????pi′ ??? cut? ρr = 1????
???? cut?????????????? LK ? LJ ??????????(??????????????
?????????? cut??????????)????????????????????????????
?????????? (????? sequent →? cut?????????????????????)?????
???????????????????????????????????????? Gentzen??? cut?
??????? cut?????????????????????????????????????????
??????????????????????????????????????????????????
????????????????????????????? Curry=Howard?????????
2.1.4 ?????????Curry=Howard??
?????????????????????????????????????????????????
????????????????????????????????? β ????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
?????Gentzen?????????????????????????????????????????
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??? Curry=Howard???????????????????????????????Curry=Howard??
???????????
• ??????
– ????
∗ ??????⊥
∗ ??????A?B?C???????????????????
– ??????x?y?z????????????????????????????????? (???
????)???????
– ???????λ?pair?fst?snd?inl?inr?case?absurd
– ???????×?+
– ?????)?(?.????
• ?????
1. ???? 1??????????????????
2. α? β ??????α?β ? α× β ? α+ β ??????????
3. ?????????????????????????????
– ??????????????????????????
• ???????????
1. ???? 1?? xα ????????????????? α????????????????
2. xα?????????M? β ??????????????????λxα.M? α?β ???????
?????????
3. M? α?β????????????????N? α??????????????????MN? β
????????????????
4. M? α????????????????N? β ??????????????????
pair?M,N?? α× β ????????????????
5. M? α× β??????????????????fstM? α??????????????????
sndM? β ????????????????
6. M? α??????????????????inlM? α + β ?????????????????
? inrM? γ + α????????????????
7. xα? yβ ?????????????M? α+ β????????????????N? L?????
γ ??????????????????casexα,yβ?M,N, L?? γ ????????????????
8. M? ⊥??????????????????absurdM? α????????????????
9. ???????????????????????????????????
– ?????????????????????????????????????????????
??????????????????????????????????M?α??????????
M? α?????????????????????
• β ??????
– ???
∗ ?????????????
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1. ???????M????? xα? λxα.?xα??????????????xα?M????
??????????????
2. ??????? M????? xα ? yβ ? casexα,yβ??xα?yβ??????????????
?xα ? yβ ?M??????????????????
3. ???????M????? xα??? 1? 2????????????xα?M??????
????????????
∗ ??????????????????????????? FV ????
???????????????????????????
1. ???????? xα ????????FV (xα) = {xα}
2. ????????MN????????FV (MN) = FV (M) ∪ FV (N)
3. ???????? λxα.M????????FV (λxα.M) = FV (M)− {xα}
4. ???????? pair?M,N?????????FV (pair?M,N?) = FV (M) ∪ FV (N)
5. ???????? fstM????????FV (fstM) = FV (M)
6. ???????? sndM????????FV (sndM) = FV (M)
7. ???????? inlM????????FV (inlM) = FV (M)
8. ???????? inrM????????FV (inrM) = FV (M)
9. ???????? casexα,yβ?M,N, L?????????
FV (casexα,yβ?M,N, L?) = FV (M) ∪ ((FV (N) ∪ FV (L))− {xα, yβ})
10. ???????? absurdM????????FV (absurdM) = FV (M)
∗ ???????????????????????
????????????M?????M???? xα ???????? N?????????
???M[N/xα]?????????????????≡???2?????????????
1. M? zγ ????????
(a) zγ ≡ xα ????M[N/xα ] ≡ N
(b) zγ ̸≡ xα ????M[N/xα ] ≡ zγ
2. M?M1M2 ????????M[N/xα ] ≡ M1[N/x]M2[N/xα ]
3. M? λyβ .M′ ????????
(a) xα ≡ yβ ????M[N/xα ] ≡ λyβ .M′
(b) xα ̸≡ yβ ????
i. yβ ̸∈ FV (N)??? xα ̸∈ FV (M′)????M[N/xα ] ≡ λyβ .M′[N/xα ]
ii. yβ ∈ FV (N)?? xα ∈ FV (M′)????M[N/xα ] ≡ λy′β .M′[y′β/yβ ][N/xα ]
(????y′β ? FV (M′) ∪ FV (N)??????????????????)
4. M? pair?M1,M2?????????M[N/xα ] ≡ pair?M1[N/xα ],M2[N/xα ]?
5. M? fstM′ ????????M[N/xα ] ≡ fstM′[N/xα ]
6. M? sndM′ ????????M[N/xα ] ≡ sndM′[N/xα ]
7. M? inlM′ ????????M[N/xα ] ≡ inlM′[N/xα ]
8. M? case
y
β1
1 ,y
β2
2
?M′,M1,M2?????????
(a) xα ≡ yβ11 ?? xα ≡ yβ22 ????M[N/xα ] ≡ caseyβ11 ,yβ22?M
′[N/xα ],M1,M2?
(b) xα ̸≡ yβ11 ?? xα ≡ yβ22 ????
i. y1
β1 ̸∈ FV (N)??? xα ̸∈ FV (M1)????
M[N/xα ] ≡ caseyβ11 ,yβ22?M
′[N/xα ],M1[N/xα ],M2?
ii. y1
β1 ∈ FV (N)?? xα ∈ FV (M1)????
M[N/xα ] ≡ caseyβ11 ,yβ22?M
′[N/xα ],M1[w
δ1
1 /
y
β1
1
][N/xα ],M2?
(????wδ11 ? FV (M1) ∪ FV (N)??????????????????)
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(c) xα ≡ yβ11 ?? xα ̸≡ yβ22 ????
i. y2
β2 ̸∈ FV (N)??? xα ̸∈ FV (M2)????
M[N/xα ] ≡ caseyβ11 ,yβ22?M
′[N/xα ],M1,M2[N/xα ]?
ii. y2
β2 ∈ FV (N)?? xα ∈ FV (M2)????
M[N/xα ] ≡ caseyβ11 ,yβ22?M
′[N/xα ],M1,M2[w
δ2
2 /
y
β2
2
][N/xα ]?
(????wδ22 ? FV (M2) ∪ FV (N)??????????????????)
(d) xα ̸≡ yβ11 ?? xα ̸≡ yβ22 ????
i. y1
β1 ̸∈ FV (N)??? xα ̸∈ FV (M1)????y2β2 ̸∈ FV (N)??? xα ̸∈ FV (M2)????
M[N/xα ] ≡ caseyβ11 ,yβ22?M
′[N/xα ],M1[N/xα ],M2[N/xα ]?
ii. y1
β1 ∈ FV (N)?? xα ∈ FV (M1)????y2β2 ̸∈ FV (N)??? xα ̸∈ FV (M2)????
M[N/xα ] ≡ caseyβ11 ,yβ22?M
′[N/xα ],M1[w
δ1
1 /
y
β1
1
][N/xα ],M2[
N/xα ]?
(????wδ11 ? FV (M1) ∪ FV (N)??????????????????)
iii. y1
β1 ̸∈ FV (N)??? xα ̸∈ FV (M1)????y2β2 ∈ FV (N)?? xα ∈ FV (M2)????
M[N/xα ] ≡ caseyβ11 ,yβ22?M
′[N/xα ],M1[N/xα ],M2[w
δ2
2 /
y
β2
2
][N/xα ]?
(????wδ22 ? FV (M2) ∪ FV (N)??????????????????)
iv. y1
β1 ∈ FV (N) ?? xα ∈ FV (M1)????y2β2 ∈ FV (N) ?? xα ∈ FV (M2) ????
M[N/xα ] ≡ caseyβ11 ,yβ22?M
′[N/xα ],M1[w
δ1
1 /
y
β1
1
][N/xα ],M2[
w
δ2
2 /
y
β2
2
][N/xα ]?
(????wδ11 ? FV (M1) ∪ FV (N)??????????????????wδ22 ?
FV (M2) ∪ FV (N)??????????????????)
9. M? absurdM′ ????????M[N/xα ] ≡ absurdM′[N/xα ]
– β ??????
????????????M′ ????????????M′′ ????????? β ??????M′′
?M′ ?? β ????????????M′ →β M′′ ????
∗ ????????????? (λxα.M)N??????????????M[N/xα ]?????? β?
?????(∵????M?β?N?α?????λxα.M?α?β?? (λxα.M)N?β??M[N/xα ]?β?
?????????)?????
(λxα.M)N→β M[N/xα ]
∗ ????????????? fst (pair[M,N])??????????????M?????? β?
?????(∵????M?α?N?β ?????pair[M,N]?α× β ?? fst (pair[M,N])?α??
M?α??????????)?????
fst pair[M,N]→β M
∗ ????????????? snf (pair[M,N])?????????????? N?????? β
??????(∵????M?α?N?β ?????pair[M,N]?α × β ?? fst (pair[M,N])?α??
N?β ??????????)?????
sndpair[M,N]→β N
∗ ????????????? casexα,yβ?inlM,N, L??????????????? N[M/xα ]??
???? β??????(∵????M?γ?N?ϵ?L?ϵ?inlM?γ + δ?casexα,yβ?inlM,N, L??ζ ?
????N[M/xα ]?ζ ??????????)?????
casexα,yβ?inlM,N, L?→β N[M/xα ]
∗ ????????????? casexα,yβ?inrM,N, L??????????????? L[M/yβ ]??
???? β??????(∵????M?γ?N?ϵ?L?ϵ?inrM?δ+ γ?casexα,yβ?inrM,N, L??ζ ?
????L[M/yβ ]?ζ ??????????)?????
casexα,yβ?inrM,N, L?→β L[M/yβ ]
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• ???????
– ???
∗ ???????
??M???????? N????????????? N?????????????????
??????
1. N????? 1??????????M? N???
2. N?M1M2????????M? N???????M1?????????????M2??
???????
3. N? λxα.M′ ????????M? N???????M′ ?????????
4. N? pair?M1,M2?????????M? N???????M1 ?????????????
M2 ?????????
5. N? fstM′ ????????M? N???????M′ ?????????
6. N? sndM′ ????????M? N???????M′ ?????????
7. N? inlM′ ????????M? N???????M′ ?????????
8. N? inrM′ ????????M? N???????M′ ?????????
9. N? casexα,yβ?M′,M1,M2?????????M? N???????M′??????????
???M1 ?????????????M2 ?????????
10. N? absurdM′ ????????M? N???????M′ ?????????
??????????N???????M??????????????????
∗ β-redex???????????M????????????????? β ?????????
?????? 1??????????M?????????????????? β-redex????
· (λxα.N)L??????
· fst(Npair L)??????
· snd(Npair L)??????
· casexα,yβ?inlN, L,K???????
· casexα,yβ?inrN, L,K???????
– ???????
?????????M?????M? β-redex??????????M????????????
• ??????????
????? 1???? β-redex????????????????M???????M?????? 1?
? β-redex??? N???????? 1?? β???????????????? N′?M? N?????
???????M′ ??????????????M??M′ ????????? 1??????????
??????M?M′? 1???????????????????????????M↣β M′?????
??????????N↣β1 ?↣βn N′(??? n ≥ 0)????N ???? 1????????????
???????? N′ ?????????????????N? N′ ??????????????????
????? N↠β N′ ????????????
• ???????
????????????M???????M???? 0?????????????????????
??????????????????? N?????????????M?? N??????????
???
• ???????????????
?????????????? β-redex??????????????????????????????
????????????????????????????????????????????????
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?????????????????????????????????????????????????
????????????????
???????????????????? 3???????????????????
• ????????????????
– ???
∗ ????????
??????????????????????????β????????????? β-redex
????????????????????????????????????????????
???????????????????????????????????????????
???
– ????????????????
??????????????????????????????????????????????
???????????
• ????????????????
???????????????????????????????????????????????
???
• Church=Rosser????
?????????M??????? 2???????????????N1?N2???????N1 ≡ N2
????
??????????????????????????????? NJ ????????????????
????????????????
????????????? ?????NJ ????
? ⇄ ???
??????? (?????) ⇄ ?????
?????? ⇄ ??????????
??? ⇄ ??????
?????????6)
??? xA?A?yB?B?z(A×B) ? C?(A× B)? C??????????? λz(A×B) ? C.λxA.λyB.(z(A×B) ? Cpair?xA, yB?)?
??????????????????????????????????????????????????
??????????????????
z(A×B) ? C
xA yB
pair?xA, yB?
z(A×B) ? Cpair?xA, yB?
λyB.(z(A×B) ? Cpair?xA, yB?)
λxA.λyB.(z(A×B) ? Cpair?xA, yB?)
λz(A×B) ? C.λxA.λyB.(z(A×B) ? Cpair?xA, yB?)
??????????????????????????????????????????????????
6)??????? Curry=Howard ??????????[12] ???????
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???????????????????
z(A×B) ? C?(A× B)? C
xA?A yB?B
pair?xA, yB??A× B
z(A×B) ? Cpair?xA, yB??C
λyB.(z(A×B) ? Cpair?xA, yB?)?B? C
λxA.λyB.(z(A×B) ? Cpair?xA, yB?)?A? (B? C)
λz(A×B) ? C.λxA.λyB.(z(A×B) ? Cpair?xA, yB?)?((A× B)? C)? (A? (B? C))
???????????????λz(A×B) ? C.λxA.λyB.(z(A×B) ? Cpair?xA, yB?)??? ((A×B)? C)? (A? (B? C))
??????????????????????????????????????????????????
????×???????????⊃???∧??????????????????????????????
?????????????????
(A ∧B) ⊃ C
A B
A ∧B
B ⊃ C
A ⊃ (B ⊃ C)
((A ∧B) ⊃ C) ⊃ (A ⊃ (B ⊃ C))
??????? ((A ∧B) ⊃ C) ⊃ (A ⊃ (B ⊃ C))??????NJ-?????????????????
?????+???????∨?????????????⊥?????????⋏????????????
????????????????????????????????????????????NJ-????
??????????????????7)
?????????????????
C ⊃ B
A ⊃ C A
C
(⊃-E)
B
(⊃-E)
A ⊃ B (⊃-I)
A ⊃ C A
C
(⊃-E)
(A ⊃ B) ∧ C (∧-I)??1
A ⊃ B (∧-E)??1 A
B
(⊃-E)
(C ⊃ B) ⊃ B (⊃-I)
(A ⊃ C) ⊃ ((C ⊃ B) ⊃ B) (⊃-I)
A ⊃ ((A ⊃ C) ⊃ ((C ⊃ B) ⊃ B)) (⊃-I)
????? A ⊃ ((A ⊃ C) ⊃ ((C ⊃ B) ⊃ B))?????? NJ-??? pi1 ?????pi1 ??1 ???????
???
C ⊃ B
A ⊃ C A
C
(⊃-E)
B
(⊃-E)
A ⊃ B (⊃-I)??2 A
B
(⊃-E)??2
(C ⊃ B) ⊃ B (⊃-I)
(A ⊃ C) ⊃ ((C ⊃ B) ⊃ B) (⊃-I)
A ⊃ ((A ⊃ C) ⊃ ((C ⊃ B) ⊃ B)) (⊃-I)
????? A ⊃ ((A ⊃ C) ⊃ ((C ⊃ B) ⊃ B))?????? NJ-??? pi2 ?????????? pi2 ??2 ??
?????????
C ⊃ B
A ⊃ C A
C
(⊃-E)
B
(⊃-E)
(C ⊃ B) ⊃ B (⊃-I)
(A ⊃ C) ⊃ ((C ⊃ B) ⊃ B) (⊃-I)
A ⊃ ((A ⊃ C) ⊃ ((C ⊃ B) ⊃ B)) (⊃-I)
7)?????? NJ ???????????? ¬A⇔ A ⊃ ⋏ ??????????????????? ∧?∨?⊃ ??????????
????
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?????A ⊃ ((A ⊃ C) ⊃ ((C ⊃ B) ⊃ B))?????????NJ-??? pi3??????????pi1???
??????pi1????????????????????? λxA.λyA ? C.λzC ? B.(fst pair?λxA.zC ? B(yA ? CxA), yA ? CxA?xA)??
?????
λxA.λyA ? C.λzC ? B.(fst pair?λxA.zC ? B(yA ? CxA), yA ? CxA?xA)
↣β λxA.λyA ? C.λzC ? B.(λxA.zC ? B(yA ? CxA)xA)
↣β λxA.λyA ? C.λzC ? B.zC ? B(yA ? CxA)
????????????????????????????????pi1?pi2?pi3??????????? pi3?
?????????? λxA.λyA ? C.λzC ? B.zC ? B(yA ? CxA) ??????????????? NJ-??? pi???
??????pi?????????????????????M???????????????? pi????
???????????? pi′ ??M?????????????????M′ ???????????????
???????
?????????????????? NJ ????????????????Curry=Howard ?????
???
Curry=Howard??????NJ ???????????????????Church=Rosser????????
???????????????????NJ ??????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????????? A????????????????????
?????????????Gentzen??????????sequent???????????????????
??????????????????????????????????????????????????
???????????????Gentzen??????? cut???????????????????????
?????????????????????????cut????????????????????? Q?
???????? (???????????? cut????)????????????? cut????????
???????????? ρ???????????? ρr ?? (??? cut??????)??????????
????????? cut??????????????????? 3?????? 2.1.2.3.2.1? pi′ ??????
3??? cut??????? cut?????? ρl ???? 2????? sequent Π→ Σ???????????
(ex→)?????? (??????? 2?? cut???????????? cut???? cut?????????
??????????????????????)???? 2?? cut??????? cut???? cut????
?????????????????????????8)???Gentzen??????????? pi??????
?? (→ w)??????? (???????? 1.3.1?????????????)???? pi? ρr ? 2???
?????????? 2.1?? cut???????????????????????????????9)
??????????????? 2??????????????????????
• sequent????????? Curry=Howard?????????????????
• sequent???????????? cut??????????????????????????????
??????????
??????????????????????????????????????????????????
??????????????????????????????????????????????? sequent
????????????????LK ????????????????????????????????
??????????????????????????????????????????? 1990?????
???????????????????????????? Urban??? [11]??????????????
?????????LK ????????????????????????????????????????
??????????????????????????????????????????????????
?????
8)?????? A ????????
9)?????????? A ????????
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2.2 LK ?????????????????????????????????????
?????
??????????????????????????????? sequent????????????? LK
??????????????????????????????????????????????????
?????????cut????????????????????????????????????????
????????????????????? LK ????????????????? LK ????????
?????????????????????? [1]???????????????????????????
???????????????????????????????????????? sequent???????
???? Urban??? [11]??????????????????????????????????????
?????????????????????????? sequent?????????????????????
??????? Urban????????????????????????????????????????
??????????????????
2.2.1 ?????
Gentzen??????????????????? [2]? [8]? Curry=Howard??????????????
?????[6]???? sequent????????????? LK ?????????????????????
???LK ?? cut??????????????????????????????????? cut?????
???????????????? pi?
pi1 =
....
→ A
→ A,D (→ w)
pi2 =
....
→ A
D→ A (w →)
→ A,A (cut?D)
→ A (→ c)
?????????????????pi? pi1??? pi2??????????????????????? pi1?
pi2 ????????????????????????????????????????10)????????
???? pi?????? Lafont??????????
?? Lafont????????????????????? sequent???????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
????????????????????????Lafont???????Georg Kreisel??? [9]? Page 112
???????????????
A minimum requirement is ... that any derivation can be normalized, that is transformed into a
unique form by a series of steps, so-called?conversions?, each of which preserve the proof described
by the derivation.
????????????? (minimum requirement)????????
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
??
?????????????????????????????????????????? (???
??????)???????????????????????????
?
?
?
?
?
?
?
?
?
?
?
?
?
??????
????(??)
• ??????????????????????????
Lafont?????????????? Kreisel?minimum requirement?????????????????
?????????????????????????? Lafont?????????? [6]???LK ????
??? !? ???????????????? (w →)? (c →)? !? terminal symbol???????????
10)LJ ??????????????? (→ w) ????????????? (→ c) ????????????????????????
??????
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??????? (→ w)? (→ c)? ?? terminal symbol?????????????????????????
???? Lafont?????????????????????????? Vincent Danos??? [3]?????
???????????????????????????????????????????↼???⇀?
?????????????????????Lafont?????????????? cut??????????
??????????????????????Lafont????????? LK ????????????
???????? Kreisel?minimum requirement??????????????????????????
??????????????????????????????????? [1]??????????????
?????????????????Urban??? [11]??????????? Danos??? [3]??????
???????????? Kreisel?minimum requirement??????????????? LK ??????
??????????? Urban??? [11]???????????
2.2.2 Urban???Danos??????????????
Urban??? [11]?? Danos??? [3]???????????????????????????????
???????????????????Lafont???????????? cut??????????????
???????????Danos?????????????????????????????11)????Danos
????????? Lafont?????????????(Lafont???????????????)?????
????????????????????????????????????????????? Urban??
?????????Danos??????????????????????????????????????
??????? LK ?????????????????????????????????????????
???????????????? LK ??????????????????????? Kreisel?minimum
requirement?????????????????
??????? [11] ???????? LK ???? sequent ?????????????????????
Curry=Howard??????????????????? (cut???????)β ?????????????
β ?????????????????????? sequent????????????????12)[11]????
??????????????????????????????????? [11]?????????????
sequent??? U ???????U ? Curry=Howard??????????????????U ? cut????
????????????????????????????????? T ??????????????? U
? T ?????????? [11]??????????????????????? sequent?????????
?????????????????????????????????????????
1. ????? sequent?? U ????
• ???
– ??????
∗ ?????????? Page 3????
∗ ???????? Page 3????
∗ ??????
· co-name???a?b???m????????????????
· name???n???x?y?z????????????????
∗ ?????)?(?⊢?,??
– ?????????? Page 3????
– ????????????
A????? 1??????????? l′????? 1?????????????????l′?A?
??????????????????????? co-name??? a?b???m???????
11)[11] ? Page16-18?
12)[11] ? Page 19-41?
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??????????????????? name??? n???x?y?z????????????
?????????
– sequent????
?????????????? name???????????????????????????
{x1?A1,?, xm?Am}(???m ≥ 0)? x1?A1,?, xm?Am??????????????????
???? co-name???????????????????????????
{a1?B1,?, an?Bn}(???,n ≥ 0)? a1?B1,?, an?Bn ???????
?x1?A1???xm?Am ⊢ a1?B1???an?Bn?? sequent????
– sequent????????????????????????? Page 10-12????
• U ????
– ???
x?A,Γ ⊢ ∆, a?A
– ?????
∗ ???????????
Γ1 ⊢ ∆1, a?D x?D,Γ2 ⊢ ∆2
Γ1,Γ2 ⊢ ∆1,∆2 (cut?D)
∗ ?????????????
x?A,Γ ⊢ ∆
y?A ∧B,Γ ⊢ ∆ (∧ ⊢)
Γ ⊢ ∆, a?B
Γ ⊢ ∆, b?A ∨B (⊢ ∨)
x?B,Γ ⊢ ∆
y?A ∧B,Γ ⊢ ∆ (∧ ⊢)
Γ ⊢ ∆, a?A
Γ ⊢ ∆, b?A ∨B (⊢ ∨)
x?A,Γ ⊢ ∆ y?B,Γ ⊢ ∆
z?A ∨B,Γ ⊢ ∆ (∨ ⊢)
Γ ⊢ ∆, a?A Γ ⊢ ∆, b?B
Γ ⊢ ∆, c?A ∧B (⊢ ∧)
Γ ⊢ ∆, a?A
x?¬A,Γ ⊢ ∆ (¬ ⊢)
x?A,Γ ⊢ ∆
Γ ⊢ ∆,¬a?A (⊢ ¬)
Γ ⊢ ∆, a?A x?B,Γ ⊢ ∆
y?A ⊃ B,Γ ⊢ ∆ (⊃⊢)
x?A,Γ ⊢ ∆, a?B
Γ ⊢ ∆, c?A ⊃ B (⊢⊃)
????
· ???????????????? 0????????????????????????
???
· ?????????????????????????????????????????
????????
· ????????????????????????????
?????????? (?????)????????????????????1?????
• U -?????????????? U ????????????????????? U ???????
??????? S1, ...,Sn ???? S ??? sequent???????????S ?????? U -??
?????
• ?????????????????????? A?????
A??????????????????⇔⊢ a?A?????? U -?????????
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2. ????????????? T ????
• ??????
– ??????A?B?C???????????????????
– ?????
∗ ???????a?b???m??????????????????????????????
??? (???????)???????
∗ ???????n???x?y?z????????????????????????????
????? (???????)???????
– ???????Ax?Cut?AndL1?AndL2?AndR?OrL?OrR1?OrR2?NotL?NotR?ImpL?
ImpR
– ???????×?+????
– ?????⇒???(?,????????????????
• ?????
– ???????
(a) ???? 1??????????????????????
(b) α? β ????????α× β?α+ β??α?α?β ????????????
(c) ???????????????????????????????
– ????????????
α????? 1??????????? ℸω ????? 1???????????????
?ℸω?α????????????????????????????????????????
????????????????????????????????????????????
??????a?b???m????????????????????????????????
????????????????????????n???x?y?z?????????????
???????????????????????????????
– ?????
???????????????????????????????????????????
{xω11?α1,?, xωmm?αm}(???m ≥ 0)? xω11?α1,?, xωmm?αm?????????????????
??????????????????????????????????
{aψ11?β1,?, aψnn?βn}(???,n ≥ 0)? aψ11?β1,?, aψnn?βn ???????
?xω11?α1,?, xωmm?αm ⇒ aψ11?β1,?, aψnn?βn????????????????????????
???????????????????????????????????
• ?????????? fresh variable????
(a) Ax?xα, aα?? xα?α, Γ̂⇒ ∆̂, aα?α?????????????????????????? fresh
variable??????
(b) M? Γ̂1 ⇒ ∆̂1, aω?δ ????????????????N? xψ?δ, Γ̂2 ⇒ ∆̂2 ?????????
?????????Cut??aω?M,?xψ?N?? Γ̂1, Γ̂2 ⇒ ∆̂1, ∆̂2????????????????
?????????? fresh variable??????
(c) M? xω?α, Γ̂⇒ ∆̂??????????????????AndL1??xω?M, yα×β??
yα×β?α × β, Γ̂⇒ ∆̂????????????????????? α × β ?????? Γ̂???
?????y???????????????????????? α× β?????? Γ̂????
?????y? Γ̂???????????????????????? fresh variable?????
?? yα×β ????
(d) M? xω?β, Γ̂⇒ ∆̂??????????????????AndL2??xω?M, yα×β??
yα×β?α × β, Γ̂⇒ ∆̂????????????????????? α × β ?????? Γ̂???
?????y???????????????????????? α× β?????? Γ̂????
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?????y? Γ̂???????????????????????? fresh variable?????
?? yα×β ????
(e) M? Γ̂⇒ ∆̂, aω?α????????????????N? Γ̂⇒ ∆̂, bψ?β???????????
???????AndR??aω?M,?bψ?N, cα×β?? Γ̂ ⇒ ∆̂, cα×β?α × β ????????????
????????? α× β?????? ∆̂????????c????????????????
???????? α× β ?????? ∆̂?????????c? ∆̂?????????????
??????????? fresh variable??????? cα×β ????
(f) M? xω?α, Γ̂⇒ ∆̂????????????????N? yψ?β, Γ̂⇒ ∆̂???????????
???????OrL??xω?M,?yψ?N, zα+β?? zα+β?α + β, Γ̂ ⇒ ∆̂?????????????
???????? α+ β?????? Γ̂????????z?????????????????
??????? α + β ?????? Γ̂?????????z? Γ̂??????????????
?????????? fresh variable??????? zα+β ????
(g) M? Γ̂⇒ ∆̂, aω?α??????????????????OrR1??aω?M, bα+β??
Γ̂⇒ ∆̂, bα+β?α+ β ????????????????????? α+ β ?????? ∆̂???
?????b???????????????????????? α + β ?????? ∆̂???
??????b? ∆̂???????????????????????? fresh variable????
??? bα+β ????
(h) M? Γ̂⇒ ∆̂, aω?β ??????????????????OrR2??aω?M, bα+β??
Γ̂⇒ ∆̂, bα+β?α+ β ????????????????????? α+ β ?????? ∆̂???
?????b???????????????????????? α + β ?????? ∆̂???
??????b? ∆̂???????????????????????? fresh variable????
??? bα+β ????
(i) M? Γ̂⇒ ∆̂, aω?α??????????????????NotL??aω?M, x?α??
x?α??α, Γ̂⇒ ∆̂??????????????????????α?????? Γ̂?????
???x?????????????????????????α?????? Γ̂??????
???x? Γ̂???????????????????????? fresh variable???????
x?α ????
(j) M? xω?α, Γ̂⇒ ∆̂??????????????????NotR??xω?M, a?α??
Γ̂⇒ ∆̂, a?α??α??????????????????????α?????? ∆̂?????
???a?????????????????????????α?????? ∆̂??????
???a? ∆̂???????????????????????? fresh variable???????
a?α ????
(k) M? Γ̂⇒ ∆̂, aω?α????????????????N? xψ?β, Γ̂⇒ ∆̂???????????
???????ImpL??aω?M,?xψ?N, yα?β?? yα?β?α?β, Γ̂⇒ ∆̂?????????????
???????? α?β?????? Γ̂????????y?????????????????
??????? α?β?????? Γ̂?????????y? Γ̂???????????????
????????? fresh variable??????? yα?β ????
(l) M ? xω?α, Γ̂ ⇒ ∆̂, aψ?β ??????????????????ImpR??xωaψ?M, bα?β??
Γ̂ ⇒ ∆̂, bα?β?α?β ????????????????????? α?β ?????? ∆̂???
?????b???????????????????????? α?β?????? ∆̂????
?????b? ∆̂???????????????????????? fresh variable?????
?? bα?β ?????????xωaψ?????? 3????????????
(m) ???????????????????????????????????
– ???????M?̂Γ ⇒ ∆̂??????????M? Γ̂ ⇒ ∆̂???????????????
??????
• ???????? terminal variable????
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M? xω?α, Γ̂1 ⇒ ∆̂1 ?????????????????????xω?M????????????
terminal variable? xω ???????N? Γ̂2 ⇒ ∆̂2, aψ?β???????????????????
??aψ?N????????????? terminal variable? aψ ????
• β ??????
– ???
∗ ?????????????
(a) ???????M?????? aω ??aω??aω??????????????aω ?M?
?????????????????
(b) ???????M?????? xω ??xω??xω??????????????xω ?M?
?????????????????
(c) ???????M????? ℸω ??? 1? 2????????????ℸω ?M????
??????????????
∗ ??????????????????????????? FV ????
???????????????????????????
(a) ????????Ax?xα, aα?????????FV (Ax?xα, aα?) = {xα, aα}
(b) ????????Cut??aω?M,?xψ?N?????????
FV (Cut??aω?M,?xψ?N?) = (FV (M)− {aω}) ∪ (FV (N)− {xψ})
(c) ????????AndL1??xω?M, yα×β?????????
FV (AndL
1??xω?M, yα×β?) = (FV (M)− {xω}) ∪ {yα×β}
(d) ????????AndL2??xω?M, yα×β?????????
FV (AndL
2??xω?M, yα×β?) = (FV (M)− {xω}) ∪ {yα×β}
(e) ????????AndR??aω?M,?bψ?N, cα×β?????????
FV (AndR??aω?M,?bψ?N, cα×β?) = (FV (M)− {aω}) ∪ (FV (N)− {bψ}) ∪ {cα×β}
(f) ????????OrL??xω?M,?yψ?N, zα+β?????????
FV (OrL??xω?M,?yψ?N, zα+β?) = (FV (M)− {xω}) ∪ (FV (N)− {yψ}) ∪ {zα+β}
(g) ????????OrR1??aω?M, bα+β?????????
FV (OrR
1??aω?M, bα+β?) = (FV (M)− {aω}) ∪ {bα+β}
(h) ????????OrR2??aω?M, bα+β?????????
FV (OrR
2??aω?M, bα+β?) = (FV (M)− {aω}) ∪ {bα+β}
(i) ????????NotL??aω?M, x?α?????????
FV (NotL??aω?M, x?α?) = (FV (M)− {aω}) ∪ {x?α}
(j) ????????NotR??xω?M, a?α?????????
FV (NotR??xω?M, a?α?) = (FV (M)− {xω}) ∪ {a?α}
(k) ???????? ImpL??aω?M,?xψ?N, yα?β?????????
FV (ImpL??aω?M,?xψ?N, yα?β?) = (FV (M)− {aω}) ∪ (FV (M)− {xψ}) ∪ {yα?β}
(l) ???????? ImpR??xω??aψ?M, bα?β?????????
FV (ImpR??xω??aψ?M, bα?β?) = (FV (M)− {aψ, xω}) ∪ {bα?β}
∗ ???????????????????????
????????????M?????M???? ℸω ???????? N???????
?????M[N/ℸω ]????? Page 18-19??????????????????????
?????????????
– β ??????
????????????M′ ????????????M′′ ????????? β ??????
M′′ ?M′ ?? β ????????????M′ →β M′′ ??????? i = 1, 2?
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(a) M′ ?Cut??aω?M,?xψ?Ax?xψ, bχ????????aω ?M? fresh variable??????
Cut??aω?M,?xψ?Ax?xψ, bχ??→β M[bχ/aω ]
(b) M′ ?Cut??aω?Ax?yχ, aω?,?xψ?M???????xψ ?M? fresh variable??????
Cut??aω?Ax?yχ, aω?,?xψ?M?→β M[xψ/yχ ]
(c) M′ ? Cut??bψ?AndR??a1ω1?M1,?a2ω2?M2, bψ?,?yφ?AndLi??xχ?N, yφ????????
bψ ? AndR??a1ω1?M1,?a2ω2?M2, bψ?? fresh variable????yφ ? AndLi??xχ?N, yφ?
? fresh variable??????
Cut??bψ?AndR??a1ω1?M1,?a2ω2?M2, bψ?,?yφ?AndLi??xχ?N, yφ??→β Cut??aωii ?Mi,?xχ?N?
(d) M′ ? Cut??bψ?OrRi??aω?M, bψ?,?yφ?OrL??xχ11 ?N1,?xχ22 ?N2, yφ????????yφ
? OrL??xχ11 ?N1,?xχ22 ?N2, yφ?? fresh variable????bψ ? OrRi??aω?M, bψ?? fresh
variable??????
Cut??bψ?OrRi??aω?M, bψ?,?yφ?OrL??xχ11 ?N1,?xχ22 ?N2, yφ??→β Cut??aω?M,?xχii ?Ni?
(e) M′ ?Cut??aω?NotR??xψ?M, aω?,?yφ?NotL??bχ?N, yφ????????aω ?
NotR??xψ?M, aω?? fresh variable????yφ ?NotL??bχ?N, yφ?? fresh variable??
????
Cut??aω?NotR??xψ?M, aω?,?yφ?NotL??bχ?N, yφ??→β Cut??bχ?N,?xψ?M?
(f) M′?Cut??bχ?ImpR??xωaψ?M, bχ?,?zτ?ImpL??cφ?N,?yυ?L, zτ??????????zτ
? ImpL??cφ?N,?yυ?L, zτ?? fresh variable????bχ ? ImpR??xωaψ?M, bχ?? fresh
variable??????
Cut??bχ?ImpR??xωaψ?M, bχ?,?zτ?ImpL??cφ?N,?yυ?L, zτ??→β Cut??aψ?Cut??cφ?N,?xω?M?,?yυ?L?
???
Cut??bχ?ImpR??xωaψ?M, bχ?,?zτ?ImpL??cφ?N,?yυ?L, zτ??→β Cut??cφ?N,?xω?Cut??aψ?M,?yυ?L??
(g) M′ ? Cut??aω?M,?xψ?N????????aω ?M? fresh variable???????xψ ? N
? fresh variable????????????
Cut??aω?M,?xψ?N?→β M[?xψ?N//aω ]
(????aω ?M? fresh variable?????)
???
Cut??aω?M,?xψ?N?→β N[?aω?M//xψ ]
(????xψ ? N? fresh variable?????)
∗ ??????????M????M????ℸω????????? N˜??????? [N˜//ℸω ]
????????
(a) M?Ax?xα, aα?????????
i. aα ≡ ℸω ????
Ax?xα, aα?[N˜//ℸω ] ≡ N˜′[xα/גψ ]
(????N˜′ ? N˜??? 3????????????? (??????????????
??)?????? גψ ? N˜? terminal variable????)
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ii. xα ≡ ℸω ????
Ax?xα, aα?[N˜//ℸω ] ≡ N˜′[aα/גψ ]
(????N˜′ ? N˜??? 3????????????? (??????????????
??)?????? גψ ? N˜? terminal variable????)
iii. aα ̸≡ ℸω ?? xα ̸≡ ℸω ????
Ax?xα, aα?[N˜//ℸω ] ≡ Ax?xα, aα?
(b) M?Cut???????????
Cut??aψ?L,?xχ?K?[N˜//ℸω ] ≡ Cut??aψ?L[N˜//ℸω ],?xχ?K[N˜//ℸω ]?
(c) M????,ℸ′ω′???????? (????? Ax? Cut?????????????
??)?
i. ℸ′ω′ ≡ ℸω ??? (????i = 1, 2)?
AndL
i??xψ?L,ℸ′ω′?[N˜//ℸω ] ≡ Cut?N˜,?ℸω?AndLi??xψ?L[N˜//ℸω ],ℸω??
AndR??aψ?L,?bχ?K,ℸ′ω
′?[N˜//ℸω ] ≡ Cut??ℸω?AndR??aψ?L[N˜//ℸω ],?bχ?K[N˜//ℸω ],ℸω?, N˜?
OrL??xψ?L,?yχ?K,ℸ′ω
′?[N˜//ℸω ] ≡ Cut?N˜,?ℸω?OrL??xψ?L[N˜//ℸω ],?yχ?K[N˜//ℸω ],ℸω??
OrR
i??aψ?L,ℸ′ω′?[N˜//ℸω ] ≡ Cut??ℸω?OrRi??aψ?L[N˜//ℸω ],ℸω?, N˜?
NotL??aψ?L,ℸ′ω
′?[N˜//ℸω ] ≡ Cut?N˜,?ℸω?NotL??aψ?L[N˜//ℸω ],ℸω??
NotR??xψ?L,ℸ′ω
′?[N˜//ℸω ] ≡ Cut??ℸω?NotR??xψ?L[N˜//ℸω ],ℸω?, N˜?
ImpL??aψ?L,?xχ?K,ℸ′ω
′?[N˜//ℸω ] ≡ Cut?N˜,?ℸω?ImpL??aψ?L[N˜//ℸω ],?xχ?K[N˜//ℸω ],ℸω??
ImpR??xψaχ?L,ℸ′ω
′?[N˜//ℸω ] ≡ Cut??ℸω?ImpR??xψaχ?L[N˜//ℸω ],ℸω?, N˜?
ii. ℸ′ω′ ̸≡ ℸω ??? (????i = 1, 2)?
AndL
i??xψ?L,ℸ′ω′?[N˜//ℸω ] ≡ AndLi??xψ?L[N˜//ℸω ],ℸ′ω
′?
AndR??aψ?L,?bχ?K,ℸ′ω
′?[N˜//ℸω ] ≡ AndR??aψ?L[N˜//ℸω ],?bχ?K[N˜//ℸω ],ℸ′ω
′?
OrL??xψ?L,?yχ?K,ℸ′ω
′?[N˜//ℸω ] ≡ OrL??xψ?L[N˜//ℸω ],?yχ?K[N˜//ℸω ],ℸ′ω
′?
OrR
i??aψ?L,ℸ′ω′?[N˜//ℸω ] ≡ OrRi??aψ?L[N˜//ℸω ],ℸ′ω
′?
NotL??aψ?L,ℸ′ω
′?[N˜//ℸω ] ≡ NotL??aψ?L[N˜//ℸω ],ℸ′ω
′?
NotR??xψ?L,ℸ′ω
′?[N˜//ℸω ] ≡ NotR??xψ?L[N˜//ℸω ],ℸ′ω
′?
ImpL??aψ?L,?xχ?K,ℸ′ω
′?[N˜//ℸω ] ≡ ImpL??aψ?L[N˜//ℸω ],?xχ?K[N˜//ℸω ],ℸ′ω
′?
ImpR??xψaχ?L,ℸ′ω
′?[N˜//ℸω ] ≡ ImpR??xψaχ?L[N˜//ℸω ],ℸ′ω
′?
U ? T ? Curry=Howard????
U ??????? ⇆ T ??????
U ? co− name?? ⇆ T ??????
U ? name?? ⇆ T ??????
U ????? ⊢ ⇆ T ?????⇒
U ?????? ⇆ T ?????
?????? ∧?∨?¬?⊃ ⇆ T ?????×?+????
??????? (?????) ⇆ T ??????
?????? ⇆ T −??????????
??? ⇆ ??? T −???
????????
cut???????????????????????????????β?????? (f)? (g)??????
?????????
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???????????????????cut????????????????????? commuting cut?
??????????? U -???
v : A ∨A ⊢ e : A ∨A u : A ∨A ⊢ e : A ∨A
t : (A ∨A) ∨ (A ∨A) ⊢ e : A ∨A (∨ ⊢)
x : A ⊢ a : A y : A ⊢ a : A
z : A ∨A ⊢ a : A (⊢ ∧)
w : A ⊢ b : A w : A ⊢ c : A
w : A ⊢ d : A ∧A (⊢ ∧)
z : A ∨A ⊢ d : A ∧A (cut : A ∨A)
t : (A ∨A) ∨ (A ∨A) ⊢ d : A ∧A (cut : A ∨A)
????? 4?? U -???????????
1.
x : A ⊢ b : A x : A ⊢ c : A
x : A ⊢ d : A ∧A (⊢ ∧)
y : A ⊢ b : A y : A ⊢ c : A
y : A ⊢ d : A ∧A (⊢ ∧)
v : A ∨A ⊢ d : A ∧A (∨ ⊢)
x : A ⊢ b : A x : A ⊢ c : A
x : A ⊢ d : A ∧A (⊢ ∧)
y : A ⊢ b : A y : A ⊢ c : A
y : A ⊢ d : A ∧A (⊢ ∧)
u : A ∨A ⊢ d : A ∧A (∨ ⊢)
t : (A ∨A) ∨ (A ∨A) ⊢ d : A ∧A (∨ ⊢)
2.
x : A ⊢ b : A x : A ⊢ c : A
x : A ⊢ d : A ∧A (⊢ ∧)
y : A ⊢ b : A y : A ⊢ c : A
y : A ⊢ d : A ∧A (⊢ ∧)
v : A ∨A ⊢ d : A ∧A (∨ ⊢)
x : A ⊢ b : A y : A ⊢ b : A
u : A ∨A ⊢ b : A (∨ ⊢)
x : A ⊢ c : A y : A ⊢ c : A
u : A ∨A ⊢ c : A (∨ ⊢)
u : A ∨A ⊢ d : A ∧A (∨ ⊢)
t : (A ∨A) ∨ (A ∨A) ⊢ d : A ∧A (∨ ⊢)
3.
x : A ⊢ b : A y : A ⊢ b : A
v : A ∨A ⊢ b : A (∨ ⊢)
x : A ⊢ c : A y : A ⊢ c : A
v : A ∨A ⊢ c : A (∨ ⊢)
v : A ∨A ⊢ d : A ∧A (∨ ⊢)
x : A ⊢ b : A x : A ⊢ c : A
x : A ⊢ d : A ∧A (⊢ ∧)
y : A ⊢ b : A y : A ⊢ c : A
y : A ⊢ d : A ∧A (⊢ ∧)
u : A ∨A ⊢ d : A ∧A (∨ ⊢)
t : (A ∨A) ∨ (A ∨A) ⊢ d : A ∧A (∨ ⊢)
4.
x : A ⊢ b : A y : A ⊢ b : A
v : A ∨A ⊢ b : A (∨ ⊢)
x : A ⊢ c : A y : A ⊢ c : A
v : A ∨A ⊢ c : A (∨ ⊢)
v : A ∨A ⊢ d : A ∧A (∨ ⊢)
x : A ⊢ b : A y : A ⊢ b : A
u : A ∨A ⊢ b : A (∨ ⊢)
x : A ⊢ c : A y : A ⊢ c : A
u : A ∨A ⊢ c : A (∨ ⊢)
u : A ∨A ⊢ d : A ∧A (∨ ⊢)
t : (A ∨A) ∨ (A ∨A) ⊢ d : A ∧A (∨ ⊢)
2.2.3 Urban??????????????????????????????????
??????????????????? Danos???????????????????????????
cut??????????? Urban??????????????????????????????????
????????????????????????????????????????????????????
?????????????????????????
????????????Urban??????????????????????????????????
??? 2???????????????????????????????????????????????
???????????????????????????????????????????????????
? 2?????????????????????????? 1???????? 2????????????
????????????????????????????????Lafont???????????????
???????????????????????????????????????????????????
?????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
?????????
??????????? cut?????????????? (?????????)????????????
??????????????????????????????????????????????????
?????????????????????????????????????????? (????????
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???????????????????????????????????????????????????
???)???????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????? (???????????????????????)??????????????????
?????????????????????????????13)
Urban??? [11]?????????????????????????????????????? (???
?????????????????????????)?????????????????????????
???????????
13)?????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????
??????????
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3 ???????????????????
3.1 ???
?????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????????????????????????????????????????????????
?????????????????????????????????????????
3.2 ??????????????
?????????? (??????????)???????????????????? 2???????
???????????????????????????
1. ????????????????(???????????????????????????????
??????)
2. ????????????? (???????)????????????????????????
??? 2????????????? 2????????????????????????????????
???????????????????????????????????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????????????????????????????????????????????????
??????????????????????????????????????????????????
???????????????????????????????????????????????????
???????????????????????????????????????????????????
???????????????????????????????????????????????????
??????????????????????????? (????????????????)???????
???????????????????????
??????????????????????????????????????????????????
??????????????????????????????????????????????????
???????????????????????????????????????????????????
?????????????????Gottlop Frege????????? 1?????????????????
? [4]?????????????????????????????????????????????????
???????????????????????????????????????????????????
(?????????????????????)? 2????????????????????? Gentzen?
???????????????????????????????????????????????????
???????????????????????????????????? sequent???????????
???????????????????????????????????????????????? (?
????????????)???????????????????????????????????Urban
??? [11]??????????????????????????????????????????????
?????????????Gentzen? sequent???????(?????????????????????
????)???????????????????????????????????????????????
????????????????[11]???????????????????? sequent??????????
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???????????????????????????????????????
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
??
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
??
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
??
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
??????????????????????????????????
??????????????????????????????????????????????????
???????????14)???????????????????????????????????????
????????????????????????????????????????
14)??????????????????????????????????????????????????????? LK-????
????????????????????????????(cut???????? cut???????????????????????
???????????)cut ??? 1 ???????????????????????????????????Gentzen ??? LK ?
cut ??????????????????????????? cut ????????????????????????????????
????????????????????LK-?????????????????????????????????????????
??????????????????????????????
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4 ??A?Hauptsatz????????
Gentzen??? [5]?? LK ? Hauptsatz??????????????? cut?????????????
???????????????????????????????????????(LJ ? Hauptsatz???
??????LK ???????????????????????????)
1?:ρ = 2 ????
1.1:cut ??????????
1.2:cut ??????????
1.3?:cut ????????????????
1.3.1:cut ????? (→ w) ??????
1.3.2:cut ????? (w →) ??????
1.3.3?:cut formula ? principal formula ????
1.3.3.1:cut formula ? terminal symbol ? ∧ ???
1.3.3.2:cut formula ? terminal symbol ? ∨ ???
1.3.3.3:cut formula ? terminal symbol ? ¬ ???
1.3.3.4:cut formula ? terminal symbol ? ⊃ ???
2?:ρ > 2 ????
2.1?:ρr > 1 ????
2.1.1:cut formula ? cut ?????????????
2.1.2?:cut formula ? cut ????????????
2.1.2.1?:cut ??????????????? (w →) ? (c→) ? (ex→) ????
2.1.2.1.1?:cut ??????????????? (w →) ????
2.1.2.1.1.1:weakening formula ? cut formula ?????
2.1.2.1.1.2:weakening formula ? cut formula ??????
2.1.2.1.2?:cut ??????????????? (c→) ????
2.1.2.1.2.1:contraction formula ? cut formula ?????
2.1.2.1.2.2:contraction formula ? cut formula ??????
2.1.2.1.3?:cut ??????????????? (ex→) ????
2.1.2.1.3.1:2 ?? exchange formula ????? cut formula ?????
2.1.2.1.3.2:(ex→) ??????? exchange formula ??? cut formula ?????
2.1.2.1.3.3:(ex→) ??????? exchange formula ??? cut formula ?????
2.1.2.1.3.4:2 ?? exchange formula ????? cut formula ??????
2.1.2.2?:cut ??????????????? (→ w) ? (→ c) ? (→ ex) ? (∧ →) ? (→ ∨) ? (¬ →) ? (→ ¬) ? (→⊃) ????
2.1.2.2.1:cut ??????????????? (→ w) ???
2.1.2.2.2:cut ??????????????? (→ c) ??? (LJ ????????)
2.1.2.2.3:cut ??????????????? (→ ex) ??? (LJ ????????)
2.1.2.2.4?:cut ??????????????? (∧ →) ????
2.1.2.2.4.1:principal formula ? cut formula ?????
2.1.2.2.4.2:principal formula ? cut formula ?????
2.1.2.2.5:cut ??????????????? (→ ∨) ???
2.1.2.2.6?:cut ??????????????? (¬ →) ????
2.1.2.2.6.1:principal formula ? cut formula ?????
2.1.2.2.6.2:principal formula ? cut formula ?????
2.1.2.2.7:cut ??????????????? (→ ¬) ???
2.1.2.2.8:cut ??????????????? (→⊃) ???
2.1.2.3?:cut ??????????????? (→ ∧) ? (∨ →) ? (⊃→) ????
2.1.2.3.1:cut ??????????????? (→ ∧) ???
2.1.2.3.2?:cut ??????????????? (∨ →) ????
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2.1.2.3.2.1:principal formula ? cut formula ?????
2.1.2.3.2.2:principal formula ? cut formula ?????
2.1.2.3.3?:cut ??????????????? (⊃→) ????
2.1.2.3.3.1?:(⊃→) ???????????????? cut formula ?????
2.1.2.3.3.1.1:principal formula ? cut formula ?????
2.1.2.3.3.1.2:principal formula ? cut formula ?????
2.1.2.3.3.2?:(⊃→) ????????? cut formula ?????
2.1.2.3.3.2.1:principal formula ? cut formula ?????
2.1.2.3.3.2.2:principal formula ? cut formula ?????
2.1.2.3.3.3?:(⊃→) ????????? cut formula ?????
2.1.2.3.3.3.1:principal formula ? cut formula ?????
2.1.2.3.3.3.2:principal formula ? cut formula ?????
2.2?:ρ = 1 ?? ρl > 1 ????
2.2.1:cut formula ? cut ?????????????
2.2.2?:cut formula ? cut ????????????
2.2.2.1?:cut ??????????????? (→ w) ? (→ c) ? (→ ex) ????(LJ ????????)
2.2.2.1.1?:cut ??????????????? (→ w) ????
2.2.2.1.1.1:weakening formula ? cut formula ?????
2.2.2.1.1.2:weakening formula ? cut formula ??????
2.2.2.1.2?:cut ??????????????? (→ c) ????
2.2.2.1.2.1:contraction formula ? cut formula ?????
2.2.2.1.2.2:contraction formula ? cut formula ??????
2.2.2.1.3?:cut ??????????????? (→ ex) ????
2.2.2.1.3.1:2 ?? exchange formula ????? cut formula ?????
2.2.2.1.3.2:(→ ex) ??????? exchange formula ??? cut formula ?????
2.2.2.1.3.3:(→ ex) ??????? exchange formula ??? cut formula ?????
2.2.2.1.3.4:2 ?? exchange formula ????? cut formula ??????
2.2.2.2?:cut ??????????????? (w →) ? (c→) ? (ex→) ? (→ ∨) ? (∧ →) ? (→ ¬) ? (¬ →) ? (→⊃) ????
2.2.2.2.1:cut ??????????????? (w →) ???
2.2.2.2.2:cut ??????????????? (c→) ???
2.2.2.2.3:cut ??????????????? (ex→) ???
2.2.2.2.4?:cut ??????????????? (→ ∨) ????(LJ ????????)
2.2.2.2.4.1:principal formula ? cut formula ?????
2.2.2.2.4.2:principal formula ? cut formula ?????
2.2.2.2.5:cut ??????????????? (∧ →) ???
2.2.2.2.6?:cut ??????????????? (→ ¬) ????(LJ ????????)
2.2.2.2.6.1:principal formula ? cut formula ?????
2.2.2.2.6.2:principal formula ? cut formula ?????
2.2.2.2.7:cut ??????????????? (¬ →) ??? (LJ ????????)
2.2.2.2.8?:cut ??????????????? (→⊃) ????(LJ ????????)
2.2.2.2.8.1:principal formula ? cut formula ?????
2.2.2.2.8.2:principal formula ? cut formula ?????
2.2.2.3?:cut ??????????????? (∨ →) ? (→ ∧) ? (⊃→) ????
2.2.2.3.1:cut ??????????????? (∨ →) ???
2.2.2.3.2?:cut ??????????????? (→ ∧) ????(LJ ????????)
2.2.2.3.2.1:principal formula ? cut formula ?????
2.2.2.3.2.2:principal formula ? cut formula ?????
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2.2.2.3.3?:cut ??????????????? (⊃→) ????15)
2.2.2.3.3.1:(⊃→) ???????????????? cut formula ???????
2.2.2.3.3.2:(⊃→) ????????? cut formula ???????
2.2.2.3.3.3:(⊃→) ????????? cut formula ???????
15)???? LJ ???
• 2.2.2.3.3.1:(⊃→) ??????? cut formula ?????
• 2.2.2.3.3.2:(⊃→) ??????? cut formula ?????
?????????
40
????
[1] Barbanera,F. and Berardi,S. (1994) A Symmetric Lambda Calculus for?Classical?program Extraction. Theoretical Aspects
of Computer Software, volume 789 of LNCS, 495-515, Springer Verlag
[2] Curry,H.B. and Feys,R. (1958) Combinatory Logic, volume 1 of Studies in Logic of Symbolic Logic, 60(1):325-337
[3] Danos,V. and Joinet,J.-B. and Schellinx,H. (1997) A new Deconstructive Logic: Linear Logic. Journal of Symbolic Logic,
62(3):755-807
[4] Frege,G (1879) Begriffschrift, eine der arithmetischen nachgebildete Formelsprache des reinen Denkens, Louis Nebert, Halle.
[5] Gentzen,G (1935) Untersuchungen u¨ber das logische Schließen I,II?Mathematische Zeitschrift 39?176-210,405-431
[6] Girard,J.-Y. and Lafont,Y. and Taylor,P. (1989) Proofs and Types, volume 7 of Cambridge Tracts in Theoretical Computer
Science. 11(3):227-245
[7] Go¨del,K (1933) Eine Interpretation des intuitionistichen Aussagenkalku¨ls. Ergebnisse eines mathematischen Kolloquiums, 4,
39-40
[8] Howard,W.A. (1969) The Formulae-as-Types Notion of Construction. To H.B.Curry: Essays on Combinatory Logic, Lambda
Calculus and Formalism, 479-490, Academic Press
[9] Kreisel,G. (1971) A Survey of Proof Theory II. Proceedings of the 2nd Scandinavian Logic Symposium, volume 63 of Studies in
Logic and the Foundations of Mathematics, 109-170, North-Holland
[10] Szabo,M.E.(ed.) (1969) Collected Papers of Gerhard Gentzen?North-Holland
[11] Urban,C. (2000) Classical Logic and Computation. PhD thesis, Cambridge University
[12] ???? (1994) ???????????????????? ?????
[13] ???? (1994) ???????????????? ? 7 ? ????????
41
